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AdsorptionAbstract The inﬂuence of levetiracetam (LV) on the inhibition of copper corrosion in 0.5 M
HNO3 solutions was studied using electrochemical techniques (potentiodynamic polarization and
electrochemical impedance spectroscopy), weight loss as well as thermodynamic calculations to
explore the adsorption mechanism of LV. The inhibition efﬁciency (IE%) was found to increase
with increasing the concentration of the inhibitor and with decreasing the temperature. The maxi-
mum inhibition efﬁciency of 94.99% was observed in the presence of 300 ppm LV. The inhibition
action of the compound LV was explained in terms of adsorption on the copper surface. The
adsorption process follows Langmuir isotherm. Kinetic as well as thermodynamic parameters (acti-
vation energy, enthalpy of activation, entropy of activation and free energy of adsorption) were cal-
culated and discussed. Electrochemical impedance spectroscopic technique (EIS) exhibit one
capacitive loop indicating that, the corrosion reaction is controlled by the charge transfer process.
Polarization measurements showed that the inhibitor is of mixed type. DFT calculations of LV were
also studied to determine interactions with the copper surface. Further, the surface analysis via
scanning electron microscope (SEM) and atomic force microscope (AFM) shows a signiﬁcant
improvement on the surface morphology of the copper plate. Results obtained from the different
methods are in good agreement. The investigation revealed the possible application of LV drug
as an environmentally friendly inhibitor for corrosion prevention under speciﬁc conditions.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research
Institute. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Among all metals, copper has been one of the most common
metals used for industrial and domestic purposes due to its
excellent electrical conductivity, good mechanical workability,
low cost, and other relatively noble properties. A variety of
environmental factors can easily cause the corrosion of copper.
Thus, copper corrosion and its inhibition have attracted the
attention of a number of investigators [1–4]. The most widely
used corrosive solution contains nitric acid, so this medium
(b)
(a)
N
NH2
O
O
CH3
(S)-2-(2-oxopyrrolidin-1-yl)butanamide
Figure 1 (a) Structure of levetiracetam (LV) (IUPAC name: [(S)-
2-(2-oxopyrrolidin-1-yl)butanamide]), (b) optimized structure of
LV.
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A corrosion inhibitor is a substance which when added in small
concentration to an environment, effectively reduces the corro-
sion rate of a metal exposed to it. Large numbers of organic
compounds have been studied and are still being studied to
assess their corrosion inhibition potential. However, most of
these substances are not only expensive but also posses health
and environmental hazards [8,9] prompting the search for their
replacement. The drugs are biocompatibility in nature,
environmentally acceptable, readily available and a renewable
source. Due to bio-degradability, eco-friendliness, low cost
and easy availability, the pharmaceutical based chemicals have
been tried as inhibitors for metals under different
environments.
The literature survey reveals that the Caﬁxime, Meclizine,
Penicillin G, Omeprazole, Cefadroxil, Pectin, Fluconazole
and many more drugs have been studied for various metal
surfaces. [10–16]. But for copper, only a few studies on nitric
acid have been found in the literature. 6-Chloro-1,1-dioxo-3,
4-dihydro-2H-1,2,4-benzothiadiazine-7-sulfonamide, 1-((s)-3-
mercapto-2-methyl propanoyl) pyrrolidine-2-carboxylic acid,
and 3-(2-methoxy phenoxy)propane 1,2-diol drugs were inves-
tigated by Eldesoky et al. [17] and the IE% reached 82.6% at
5 mM. In order to rectify the shortage of pharmaceutical active
inhibitors for copper in nitric acid solution, in the present
study we are using LV as an inhibitor for copper in nitric acid
solution.
Levetiracetam is the commercial name of (S)-2-(2-oxopyrro-
lidin-1-yl)butanamide (Fig. 1a). Levetiracetam is an anticon-
vulsant drug used to treat epilepsy. The brand name is
Levipil-250, manufactured by Sun pharma drugs pvt. Ltd.,
Sikkim. It is easily available in pharmaceutical stores and puri-
ﬁed by recrystallisation with methanol. Melting point of the
compound is 170.19 C. The molecule contained a pyrrolidine
ring and amide groups with electron donating polar atoms such
as N and O atoms. In acidic solutions, this compound could be
protonated easily and the protonated species may be adsorbed
on the cathodic sites of the metal surface and decrease the evo-
lution of hydrogen.
Intent of this work is to study the inﬂuence of LV on the
inhibition of copper corrosion in 0.5 M HNO3 solutions using
electrochemical techniques (polarization and impedance),
weight loss as well as thermodynamic calculations to explore
the adsorption mechanism of LV. Also, as the DFT calcula-
tions of LV could be involved in determining interactions with
the copper surface, correlation between molecular calculations
and inhibitor efﬁciencies will be sought. Further, the surface
morphologies were studied by scanning electron microscope
(SEM) and atomic force microscope (AFM).2. Materials and methods
Copper coupons (purity 99.9%) in the size of
3.5  1.5  0.2 cm were cut with a small hole, (2 mm diameter)
at the upper edge of the specimen used for weight loss studies.
The circular cross sectional area of the copper rod was exposed
to the corrosive medium, used in electrochemical measure-
ments (exposed area of 1 cm2). Copper rods were mounted in
Teﬂon and an epoxy resin was used to ﬁll the space between
the Teﬂon and copper electrode. The copper samples were
mechanically polished using different grades of emery papers(1/0, 2/0, 3/0, 4/0, 5/0, and 6/0). The specimens are washed
thoroughly with double distilled water and ﬁnally degreased
with acetone and dried at room temperature. The aggressive
solution 0.5 M HNO3 was prepared by dilution of analytical
grade HNO3 (69%) with double distilled water and all weight
loss experiments were carried out in 100 ml unstirred solutions.
Optimized and molecular structure of the compound is pre-
sented in Fig. 1(a) and (b). From the weight loss measure-
ments, the corrosion rate (W) was calculated by using the
following relation [18];
C:R: ðWÞ ¼ m1 m2
St
ð1Þ
where m1 is the mass of the specimen before corrosion, m2 is
the mass of the specimen after corrosion, S is the total area
of the specimen, t is the corrosion time, andW is the corrosion
rate. The (IE%) was determined by using the following equa-
tion [19];
IE% ¼ Wo Wi
Wo
 
 100 ð2Þ
where Wo is the corrosion rate in the absence of inhibitor and
Wi is the corrosion rate in the presence of inhibitor.
Two electrochemical techniques, namely Tafel polarization
and electrochemical impedance spectroscopy (EIS) were used
to study the corrosion behavior. All electrochemical measure-
ments were carried out using a CHI 760D electrochemical
impedance analyzer model. For these studies a three electrode
cell assembly with copper as working electrode, a saturated
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as the counter electrode were used. Before starting the electro-
chemical experiments the test sample was allowed 20 min to
reach the steady state value of OCP. EIS measurements were
carried out by using ac signal of 0.1 V amplitude for the
frequency spectrum from 100 kHz to 0.01 Hz in the potential
range of ±200 mV.
The scanning electron microscopy (SEM) VEGA3TES-
CAN model and atomic force microscopy (AFM) NTMDT
model were used to study the morphology of the corroded sur-
face in the presence and absence of LV drug. The specimen,
after dipping for 3 h at the room temperature, was thoroughly
washed with doubly distilled water before placing on the slide.
Photographs were taken from that portion of the specimen
where better information was expected.
Quantum chemical calculations were performed using den-
sity functional theory (DFT) and utilizing the 6-31+G (d,p)
basis sets. DFT/B3LYP is recommended for the study of
chemical reactivity and selectivity in terms of the frontier
molecular orbitals [20].
3. Results and discussion
3.1. Weight loss studies
3.1.1. Effect of inhibitor concentration
Weight loss measurements were carried out in a 0.5 M HNO3
in the absence and presence of different concentrations of LV
drug at 3 h of immersion period. Corrosion rates of copper
samples (W) and the IE% were calculated using Eqs. (1) and
(2), respectively. The average corrosion rates (expressed in
mg cm2 h1) and IE% (IE%) are shown in Table 1. Results
show that LV used to inhibit the corrosion of copper in
0.5 M HNO3 solutions. The corrosion rate was found to
depend on the concentrations of LV. Increasing the
concentration of LV increases the IE%, which reached its max-
imum value at a concentration of 300 ppm. This indicates that
the protective effect of LV is not solely due to their reactivity
with nitric acid. The inhibitory behavior of the compound
against copper corrosion can be attributed to the adsorption
of LV on the copper surface, which limits the dissolution of
the latter by blocking its corrosion sites and hence decreasing
the corrosion rate (W) from 31.02 to 1.56 mg cm2 h1, with
increasing efﬁciency IE% from 67.34% to 94.99% as their con-
centrations increase from 50 to 300 ppm.Table 1 Corrosion parameters obtained from weight loss measureme
of levetiracetam (LV) drug at different temperatures.
Concentration of inhibitor (ppm) Weight loss C
(mg) (
303 K 308 K 318 K 328 K 3
Blank 9.77 10.20 11.06 12.94 3
50 3.19 4.04 5.05 7.25 1
100 2.51 3.18 4.12 6.23
150 1.87 2.65 3.48 5.47
200 1.01 2.18 2.59 4.38
250 0.73 1.45 1.88 3.18
300 0.49 0.95 1.52 2.613.1.2. Effect of temperature
The inﬂuence of temperature on IE% was studied with the
help of weight loss measurements in the range of temperature
303–328 K in the absence and presence of different concentra-
tions of LV drug during 3 h of immersion. It is well-known
that the corrosion rate increases with the rise of temperature
in acidic media. At each temperature, the IE% increases with
inhibitor concentration. But at the optimum concentration of
inhibitor (300 ppm), the inhibitory effect decreases from
94.99% at 303 K to 79.79% at 328 K as shown in Fig. 2(a).
Apparently, the results obtained postulate that the inhibitor
functions through adsorption on the copper surface by the
blocking the active sites to form a screen onto the copper
surface from acidic solution. As the temperature increases,
we notice desorption rate manifests parallel to that of adsorp-
tion; the surface becomes less protected and then the inhibitor
gradually loses its effectiveness.
3.1.3. Effect of immersion time
The variation of IE% (IE%) with various immersion times is
shown in Fig. 2(b). it was observed that increase in i immersion
time from 1 to 5 h, the IE% is calculated at its optimum con-
centration (300 ppm) of LV. The IE% is increased from
88.19% to 94.99% at the ﬁrst three hours of immersion time
and after that increasing the time of immersion did not cause
any signiﬁcant change in IE% (94.99–95.56%), thereby,
suggesting that LV is an effective corrosion inhibitor up to
3 h immersion time.
3.1.4. Effect of acid concentration
The effect of acid concentration at 300 ppm inhibitor concen-
tration on the corrosion inhibition of copper was studied as
shown in Fig. 2(c). From Fig. 2(c), it is clear that the change
in acid concentration from 0.5 to 2.0 M changed IE% from
94.99% to 85.66% in HNO3 solution. This is because of
increased aggressiveness of acid solution from 0.5 to 2.0 M
HNO3 [21].
3.1.5. Adsorption isotherm
It is widely acknowledged that adsorption isotherms provide
useful insights into the mechanism of corrosion inhibition.
The adsorption isotherm study describes the interaction
between inhibitor molecules and the copper surface. For this
purpose, the values of surface coverage (h) at different concen-
trations of inhibitor in 0.5 M HNO3 medium were calculated.nts for copper in 0.5 M HNO3 containing various concentrations
orrosion rate Inhibition eﬃciency
mg cm2 h1) (%)
03 K 308 K 318 K 328 K 303 K 308 K 318 K 328 K
1.02 32.39 35.11 41.07 – – – –
0.13 12.81 15.92 23.01 67.34 60.45 54.34 43.97
7.97 10.09 13.09 19.78 74.31 68.85 62.72 51.84
5.94 08.41 11.06 17.36 80.86 74.04 68.49 57.73
3.21 06.94 08.23 13.91 89.66 78.59 76.55 66.13
2.32 04.62 05.97 10.10 92.53 85.74 82.30 75.41
1.56 03.00 04.81 08.30 94.99 90.73 86.30 79.79
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Figure 2 Variation of IE% in 0.5 M HNO3 on copper with (a) different temperatures with various inhibitor conc. (b) Various immersion
times at optimum inhibitor conc. (c) Different concentrations of nitric acid at optimum inhibitor conc.
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Temkin and Langmuir isotherms. Attempts to ﬁt data
obtained from weight loss measurements into different adsorp-
tion isotherms reveal that the data best ﬁtted the Langmuir
adsorption isotherm. Assumptions of Langmuir relate the con-
centration of the adsorbate in the bulk of the electrolyte (Cinh)
to the degree of surface coverage (h) as shown in Eq. (3):
Cinh
h
¼ 1
Kads
þ Cinh ð3Þ
where Kads is the equilibrium constant of adsorption and h is
the surface coverage calculated by IE%/100. Fig. 3 shows
the relationship between Cinh/h and Cinh for optimum concen-
tration of inhibitor which gives a straight line. This resultshows that regression coefﬁcient (R2) is almost equal to unity
and the slope is very close to unity. This indicates that the
adsorption of LV follows the Langmuir adsorption isotherm.
The slope of the Cinh/h versus Cinh plots show deviation from
unity, which means non-ideal simulating [22] and unexpected
from the Langmuir adsorption isotherm. It might be the result
of the interactions between the adsorbed species on the copper
surface [23,24]. Adsorption equilibrium constant (Kads) and
free energy of adsorption (DGoads) were calculated and listed
in Table 2 using the following relationship (4);
DGoads ¼ RT ln ð55:5 KadsÞ ð4Þ
where 55.5 is the concentration of water in solution in mol L1
and R is the universal gas constant. Table 2 reveals that the
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Figure 3 Langmuir adsorption isotherm plots for the adsorption
of LV in 0.5 M HNO3 on the surface of copper.
Table 2 Thermodynamic adsorption parameters for copper in
0.5 M HNO3 in the presence of various concentrations of LV at
different temperatures.
Temperature R2 Kads DGoads
(K) (104 M1) (kJ mol1)
303 0.9944 37.43 19.24
308 0.9860 45.32 20.05
318 0.9865 55.09 21.22
328 0.9600 84.78 23.06
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Figure 4 Adsorption isotherm plots for (a) log CR vs. 1/T. (b)
Adsorption isotherm plot for log CR/T vs. 1/T.
Table 3 Thermodynamic activation parameters for copper in
0.5 M HNO3 in the absence and presence of optimum
concentrations of LV.
Concentration of
inhibitor
Eoa DHoa DSoa
(ppm) (KJ mol1) (KJ mol1) (KJ mol1)
Blank 61.02 4.8159 204.89
300 ppm 147.39 91.1517 237.59
Inhibition of copper corrosion in nitric acid solutions 485Kads increases with increasing temperature, which indicates
that, it is easily and strongly adsorbed onto the metal surface
for the inhibitor at lower temperature. But when the tempera-
ture is high, the adsorbed inhibitor tends to desorb from the
metal surface.
Generally, the values of DGoads around 20 kJ mol1 or
lower are consistent with the electrostatic interaction and when
it is around 40 kJ mol1 or higher values then this is termed a
chemical interaction [25]. Here, the calculated DGoads values
are ranging between 19.34 kJ/mol, 21.10 kJ/mol and
23.76 kJ/mol indicating that the protonated inhibitor
molecule is adsorbed on the metal surface both physically
(electrostatic interaction) and chemically (co-ordinate covalent
bond). The negative values of DGoads ensure the spontaneity of
the adsorption process and the stability of the adsorbed layer
on the copper surface.
3.1.6. Thermodynamic parameters
Thermodynamic parameters are important to study the inhibi-
tion mechanism. The thermodynamic parameters like activa-
tion energy (Eoa) and enthalpy of activation (DH
o
a) for the
dissolution of copper in 0.5 M HNO3 are calculated. These
parameters are calculated in the absence and presence of
optimum concentration of LV (300 ppm) by applying the
Arrhenius Eq. (5) and transition state Eq. (6), respectively [26]:log CR ¼ E
o
a
2:303 RT
þ A ð5ÞCR ¼ RT
Nh
exp
DSoa
R
 
exp DH
o
a
RT
 
ð6Þ
where CR is the corrosion rate, Eoa is the apparent activation
energy, A is the pre-exponential factor, h is the Planck’s
(a)
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Figure 5 Nyquist plots of copper (a) 0.5 M HNO3 solution with respective equivalent circuit, (b) 0.5 M HNO3 solutions with various
concentrations of LV.
486 G. Karthik, M. Sundaravadiveluconstant, DHoa is the enthalpy of activation, DS
o
a is the entropy
of activation, N is the Avogadro number, and R is the univer-
sal gas constant. Arrhenius plots of log CR VS are determined.
1/T for the blank and 300 ppm of LV at different temperatures
give a straight line and slope equal to  Eoa
2:303 R
shown in Fig. 4
(a), from which, the values of Eoa for the inhibited corrosion
reaction of copper have been calculated and recorded in
Table 3. It was observed for the HNO3 solution the E
o
a had a
value of 61.02 kJ mol1. In the presence of the inhibitor the
activation energies are increased up to 147.39 kJ mol1 com-
pared to the acid solution revealing the retardation of the cor-
rosion reaction. Marked changes in Eoa suggest that the
inhibitor may either participate in the electrode or may change
the potential difference of the metal solution interface by
adsorption. From the transition state equation (Fig. 4b), theplot of log (CR/T) vs.1/T gives straight lines with a slope equal
to  DHoa
2:303R
and intercept log R
Nh
þ DSoa
2:303R
 
from which, DHoa and
DSoa values were calculated, and listed in Table 3. The negative
sign of DHoa indicates that the adsorption process is exothermic
[27]. This indicates that IE% decreases with temperature
increase. Such behavior can be interpreted on the basis that
increasing temperature resulted in desorption of the adsorbed
inhibitor molecules from the copper surface. The negative
values of DSoa might be explained as follows: Before the
adsorption of inhibitors onto the metal surface, the inhibitor
molecule might freely move in the bulk solution, but with
the progress in adsorption, inhibitor molecules were adsorbed
in orderly manner onto the metal surface causing entropy to
decrease [28].
Table 4 Electrochemical impedance parameters for copper in
0.5 M HNO3 containing various concentrations of LV.
Concentration of
inhibitor
fmax RCt Cdl I.E.
(ppm) (Ώ cm2) (Ώ cm2) (lF cm2) g (%)
Blank 12.62 24.91 506.13 –
50 83.49 161.13 11.837 84.54
100 97.39 188.99 8.6514 86.81
150 105.93 208.94 7.1945 88.07
200 131.24 256.45 4.7312 90.28
250 155.80 302.70 3.3765 91.77
300 172.00 337.15 2.7459 92.61
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Figure 6 Tafel polarization plots of copper (a) 0.5 M HNO3 solutio
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The corrosion behavior of copper in 0.5 M HNO3 solution
with and without the inhibitor was investigated by EIS mea-
surements. Fig. 5(a) and (b) shows all the impedance spectra
in the absence and presence of LV with different concentra-
tions in the form of Nyquist plots. The diameter of the semi-
circle was increased with increasing inhibitor concentration.
Nyquist plots do not present perfect semi-circles; they show
a depressed capacitive loop in the high frequency range.
Deviation from perfect circular shape, often known as fre-
quency dispersion was attributed to surface roughness and0 0.1 0.2 0.3
ntial / V
1
2
3
4
5
6
)
0.1 0.2 0.3
ntial / V
)
n, (b) 0.5 M HNO3 solutions with various concentrations of LV.
Table 5 Tafel polarization values for the corrosion of copper in 0.5 M HNO3 in the absence and presence of various concentrations of
LV.
Concentration of Inhibitor ba bc Ecorr Icorr Linear polarization I.E.
(ppm) (V/dec) (V/dec) (mV/SCE) (mA/cm2) (Ohm) (%)
Blank 8.205 3.487 36.5 1.8650 19.9 –
50 8.680 2.615 70.9 0.4596 83.7 75.35
100 8.400 5.184 48.9 0.3451 92.8 81.49
150 10.988 3.395 35.7 0.3106 97.3 83.34
200 12.908 3.453 33.5 0.2638 100.7 85.85
250 12.263 3.725 38.9 0.2045 133.0 89.03
300 13.460 3.323 35.8 0.1547 167.6 91.70
Table 6 Quantum chemical parameters of LV drug.
EHOMO (eV) ELUMO (eV) l (D) DE= (EHOMO  ELUMO) E I.E. (%)*
6.6002 2.4567 5.7246 4.1435 572.4556 94.99
* I.E. (%) values were calculated from weight loss measurements.
488 G. Karthik, M. Sundaravadiveluinhomogeneities of the solid surface. The high-frequency
capacitive loop can be attributed to charge transfer of the cor-
rosion process [29–31]. On the other hand, the inductive loop
has been attributed to a surface or bulk relaxation process or
dissolution process [32]. The simple equivalent circuit model
was used to give a more accurate ﬁt for both inhibited and
uninhibited copper surfaces in 0.5 M HNO3 solution. In the
equivalent circuit model, Rs represents the solution resistance
between the working and reference electrodes, Rct is the charge
transfer resistance and it corresponds to the resistance between
the metal and outer Helmholtz plane [33,34]. Here, CPE (con-
stant phase element) is substituted for double layer capacitance
to give a more accurate ﬁt. The admittance of CPE is described
as,
YCPE ¼ YoðjxÞn ð7Þ
where j is the imaginary root, x the angular frequency, Yo the
magnitude and n the exponential term. The electrochemical
parameters, (Rct), (Cdl) and IE% are listed in Table 4. It can
be seen from Table 4; the Rct values increased with increasing
the concentration of the inhibitor indicated that a charge
transfer process is mainly controlling the corrosion process.
The change of Rct values can be related to the gradual replace-
ment of water molecules by inhibitor molecules on the surface
which decreases the number of active sites necessary for corro-
sion reaction [32]. It is seen that the addition of inhibitor
increases the values of charge transfer resistance (Rct) and
reduces the double layer capacitance (Cdl). The interfacial dou-
ble layer capacitance (Cdl) values have been estimated from the
impedance value using the Nyquist plot by the formula (8):
Cdl ¼ ð2pfmaxRctÞ1 ð8Þ
where fmax is the frequency at which the imaginary component
of the impedance attains a maximum (Z00max). On the other
hand, the values of Cdl decreased with an increase in the inhi-
bitor concentration. The double layer between the charged
metal surface and the solution is considered as an electrical
capacitor. The adsorption of inhibitors on the electrode sur-
face (copper) may be attributed to the formation of a protec-tive layer on the surface. The thickness of this protective
layer dinh was related to Cdl by the following equation [35];
dinh ¼ e0er
Cdl
ð9Þ
where e0 is the dielectric constant and er is the relative dielectric
constant. This decrease in Cdl values from 506.13 to
2.745 lF cm2 is due to the reduction in local dielectric con-
stant and/or an increment in the thickness of the electrical dou-
ble layer. The phenomenon proposed that the inhibitor
molecule function by the adsorption at the metal/solution
interface. Thus, the change in Cdl is due to the gradual replace-
ment of the water molecule by the adsorption of the inhibitor
molecule on the metal surface, decreasing the magnitude of
metal dissolution [24]. The increase in Rct values from
24.91 Ω cm2 to 337.15 Ω cm2 is due to the formation of a pro-
ductive ﬁlm on the metal/solution interface. These observa-
tions suggest that LV molecules function by adsorption at
metal surface thereby causing the decrease in Cdl values and
increasing in Rct values. Rct values were used to calculate the
IE%, according to the following expression:
IE ð%Þ ¼ R
i
ct  Roct
Rict
 
 100 ð10Þ
where Rict and R
o
ct are the charge transfer resistance values with
and without LV, respectively. Table 4 conﬁrms that the IE%
increases with the concentrations of LV and maximum efﬁ-
ciency (92.61%) reaches 300 ppm of the inhibitor. All the
above results infer that with an increase in LV concentration,
the productive ﬁlm is more and more protective.
3.3. Tafel polarization
Polarization curves for copper in 0.5 M HNO3 at various con-
centrations of LV are presented in Fig. 6(a) and (b). The values
of corrosion potential (Ecorr), corrosion current density (Icorr),
and anodic (ba), cathodic (bc) slopes and IE% calculated from
the curves of Fig. 6(a) and (b) are presented in Table 5. The
(a)
(b) (c)
Figure 7 (a) Mulliken charge distribution, (b) HOMO structure, (c) LUMO structure.
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ing the Tafel lines to the corrosion potential [36] and IE%
values were calculated from the relation:
IE ð%Þ ¼ I
o
corr  Iicorr
Iocorr
 
 100 ð11Þ
where Iocorr and I
i
corr are the corrosion current densities in the
absence and presence of inhibitor, respectively.
From Fig. 6(a) and (b), it can be seen that the cathodic (bc)
and anodic Tafel slopes (ba) remain almost unchanged with
increasing inhibitor concentration. It is clear that the studied
inhibitor compound acts as a corrosion inhibitor suppressing
both anodic and cathodic reaction by getting adsorbed on
the copper surface by simply blocking the active sites, and
these results suggested that the addition of inhibitor reduces
the anodic dissolution and also retards the cathodic hydrogen
evolution reaction, indicating that this inhibitor exhibits
mixed-type inhibition effect [37,38]. Therefore, the LV can be
classiﬁed as a mixed inhibitor in 0.5 M HNO3 solution. From
Table 5, it is clear that the corrosion current density (Icorr) val-
ues decrease from 1.865 mA cm2 to 0.1547 mA cm2 with the
addition of various concentrations of LV. When the Icorr
decreases the IE% increases from 75.35% to 91.70%. The
maximum IE% was attained at 91.70% at 300 ppm inhibitorconcentration. On the other hand, there was no deﬁnite trend
observed in the Ecorr values, generally, a compound can be
classiﬁed as a cathodic or an anodic type of inhibitor if the dis-
placement in Ecorr (i) is >85 mV with respect to Ecorr of blank,
the inhibitor can be seen as a cathodic or anodic type; and (ii)
if displacement in Ecorr is <85, the inhibitor can be seen as
mixed type. In our study the maximum displacement was
34.4 mV, which indicates that the LV is a mixed type inhibitor.
It is also found that Rp value increases with increasing inhibi-
tor concentration, which suggests the retardation of copper
corrosion in inhibited solution compared to uninhibited.
The maximum IE% calculated from the electrochemical
impedance spectroscopy and Tafel polarization is 92.61%
and 91.70%, respectively. But the IE% obtained by weight loss
method (94.99%) is slightly higher than the electrochemical
studies. This variation may be due to the time of immersion
in weight loss measurement of 3 h but in the case of electro-
chemical measurements the stabilization time is only 30 min.
3.4. Theoretical calculations
Quantum chemical studies have been successfully implemented
to correlate the corrosion protection efﬁciency of inhibitor
molecules with their calculated molecular orbital (MO) energy
(a)
(b)
Figure 8 SEM images of copper (a) 0.5 M HNO3 solution, (b)
0.5 M HNO3 solutions with optimum concentration of LV
(300 ppm).
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in terms of quantum chemical parameters such as the highest
occupied molecular orbital (HOMO), the lowest unoccupied
molecular orbital (LUMO), and electron density parameters
such as the dipole moment (l) and Mulliken charges. The
energy of the HOMO (EHOMO) represents the ability of the
molecule to donate a lone pair of electrons and the higher
the EHOMO value, the greater the tendency of the molecule
to donate electrons to an electrophilic reagent [39] and the
lower the ELUMO, the greater the tendency of the molecule
to accept electrons from metal atoms. Inspection of Table 6
shows that LV has low ELUMO and high EHOMO values and
the energy difference between EHOMO and ELUMO (i.e., DE)
informs of the reactivity of the given compound; the smaller
the DE value, the greater the reactivity of the molecule. Results
show that LV has the smallest DE value (4.1435 eV) and is
therefore the most reactive molecule. The higher the dipole
moment, the higher is the polarity of the molecule. In the study
of corrosion inhibition, the IE% has been reported to increase
with increase in the dipole moment of the inhibitor [40].
HOMO and LUMO diagrams (Fig. 7b and c) of the LV reﬂect
that the orbital electron densities were distributed homoge-
neously throughout the molecules. Therefore the more nega-
tive Mulliken atomic charges of the adsorbed inhibitor, the
more easily the atom donates its electrons to the unoccupiedorbital of the metal and adsorb preferentially on the metal sur-
face with the formation of a closely packed adsorption layer to
inhibit copper ions from entering the solution. It is clear from
Fig. 7(a) that two nitrogen atoms (23-N, 11-N) and two oxy-
gen atoms in the keto group (12-O) carrying more negative
charges could offer electrons to the metal surface to form a
coordinate type of bond.
3.5. Surface studies
3.5.1. Scanning electron microscopy
In order to evaluate the conditions of the metal surface in con-
tact with acid solution in the absence and presence of inhibitor,
a surface analysis was carried out, using scanning electron
microscope, immediately after the corrosion tests. Copper
samples in 0.5 M HNO3 solution with and without optimal
concentration of the LV were subjected to analysis. SEM
images (Fig. 8a and b) show the surface corrosion of copper
decreased remarkably in the presence of the inhibitor (Fig. 8b).
Inspections of the ﬁgures reveal that there is severe damage,
clear pits and cavities on the surface of copper in the absence
of inhibitor (Fig. 8a) than in the presence of it. There are less
pits and cracks observed in the inhibited surface. The metal
surfaces are fully covered with the inhibitor molecules and a
protective inhibitor ﬁlm was formed.
3.5.2. Atomic force microscopy characterization
AFM is a powerful technique to investigate the surface mor-
phology at nano-to micro-scale and has become a new choice
to study the inﬂuence of inhibitor on the generation and the
progress of the corrosion at the metal/solution interface
[41,42]. Analysis of the images allowed quantiﬁcation of sur-
face roughness over a area scale of 8 lm. The three dimen-
sional and two dimensional AFM images of copper surface
without and with inhibitor are shown in Figs. 9(a), (b)
and 10(a), (b). The surface roughness of the copper surface
after immersion in 0.5 M HNO3 is up to 189 nm
(Fig. 9a and b), while in the presence of LV, the roughness
decreases to 44 nm (Fig. 10a and b). It shows the copper
surface in the presence of LV is more compact and uniform
comparing with Fig. 9(a) and (b); so it can efﬁciently protect
the copper surface from corrosion. AFM image analysis is also
performed to obtain the root-mean-square roughness and
maximum peak to peak height values. Table 7 conﬁrms the
height values are considerably less in the inhibited environ-
ment compared to the uninhibited environment. These param-
eters conﬁrm that the inhibited surface is smoother than the
uninhibited surface. The smoothness of the surface is due to
the formation of a protective ﬁlm on the metal surface.
4. Corrosion mechanism
The corrosion tests demonstrated that the inhibitor compound
can be adsorbed by the interaction between the lone pairs of
electrons of the nitrogen and oxygen atoms with the copper
surface. This processes facilitated by the presence of d vacant
orbitals of low energy in the copper ions, as observed in tran-
sition group metals. Recently, it was found that the formation
of donor–acceptor surface complexes between free electrons of
an inhibitor and a vacant d orbital of a metal is responsible for
the inhibition of the corrosion process.
(a)
(b)
Figure 9 AFM images of copper in 0.5 M HNO3 solution (a) three dimensional structure, (b) two dimensional structure.
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the metal, chemical structure of the inhibitor and type of
aggressive electrolyte. It is generally accepted that the ﬁrst step
in the adsorption of an organic inhibitor on a metal surface
usually involves the replacement of one or more water mole-
cules adsorbed at the metal surface. The mixed-inhibition
mechanisms suggested by chemical and electrochemical inves-
tigations are consistent with the [43] literature [43,44] on the
adsorption behavior of the inhibitor molecule containing both
N and O atoms. In nitric acid solutions, organic inhibitors may
interact with copper and hence affect the corrosion reaction inmore than one way, sometimes simultaneously [45]. It is there-
fore often difﬁcult to assign a general inhibition mechanism,
since the mechanism may change with experimental condi-
tions. The presence of more than one functional group has
been reported to often lead to changes in the electron density
of a molecule, which could inﬂuence its adsorption behavior.
Therefore, in the present study the value of Ecorr in nitric
acid solution is positive, so the copper surface acquires a pos-
itive charge. Accordingly, nitrate ions are ﬁrst adsorbed on the
metal surface and consequently the copper surface becomes
negatively charged. The molecule contained a pyrrolidine ring
(a)
(b)
Figure 10 AFM images of copper in 0.5 M HNO3 solution with 300 ppm of LV (a) three dimensional structure, (b) two dimensional
structure.
Table 7 AFM data for copper surface immersed in inhibited and uninhibited environment.
Samples Root mean square roughness (nm) Maximum peak-to-peak height (nm) Average roughness (nm)
0.5 M HNO3 258.181 2029.41 189.561
300 ppm 56.3112 350.76 44.8852
492 G. Karthik, M. Sundaravadiveluand amide groups with electron donating polar atoms such as
N and O atoms. In acidic solutions, this compound could be
protonated easily on the nitric acid solution,
Inhþ xHþ $ ½InhHxxþ ð12ÞBoth molecular and protonated species can adsorb on the
metal surface. Adsorption of the protonated LV on the catho-
dic sites on the copper surface will retard the oxygen evolution
reaction. Adsorption on the anodic sites of the copper surface
can be occurring via O atom and N atoms in the amide group
Inhibition of copper corrosion in nitric acid solutions 493to retard the copper dissolution process. All the theoretical and
practical calculations conﬁrmed that LV is an effective
inhibitor for copper in 0.5 M HNO3 solutions.
5. Conclusions
On the basis of the above results the following conclusion can
be drawn.
 The results obtained lead to the conclusion that LV drugs
effectively inhibit the corrosion of copper in 0.5 M HNO3
solutions. The IE% of these compounds increases with an
increase in the LV concentrations and reaches its highest
value (94.99%) at 300 ppm concentration.
 The adsorption model obeys the Langmuir isotherm at
303 K. The negative values of DGoads indicate that the
adsorption of the inhibitor molecule is a spontaneous pro-
cess and an adsorption mechanism follows both physical
(ionic) and chemical (molecular) processes.
 Polarization curves demonstrated that the LV is a mixed-
type inhibitor for copper surface corrosion in these solu-
tions. EIS plots indicated that the addition of inhibitors
increases the charge-transfer resistance and shows that the
inhibitive performance depends on adsorption of the mole-
cules on the metal surface.
 The inhibition efﬁciencies determined by weight loss, poten-
tiodynamic polarization and EIS techniques are in reason-
ably good agreement.
 The theoretical study demonstrated that the IE% increases
with an increase in EHOMO and decrease in ELUMO, dipole
moment (l) and energy gap (DE). The quantum mechanical
approach may well be able to foretell molecular structures
that are better for corrosion inhibition.
 SEM and AFM images conﬁrm the formation of a protec-
tive layer on the copper surface.
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